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The use of the high-temperature-annealed self-buffer layer HITAB enabled to observe free A-and
B-exciton emissions at 9 K from ZnO heteroepitaxial films grown by the sputtering epitaxy method
using a helicon-wave-excited plasma on uniaxially nearly lattice-matched 112̄0 Al2O3 substrates.
The result was correlated with a twofold decrease in the densities of threading dislocations having
both the screw and edge components, according to the dislocation concealing in ZnO HITAB due to
lateral mass transport of low-temperature deposited ZnO nanocrystalline grains during high
temperature annealing. © 2007 American Institute of Physics. DOI: 10.1063/1.2786090
I. INTRODUCTION
ZnO and related alloys are attracting attention, since
they are an excellent candidate for the use in ultraviolet
UV, visible, and white light emitting diodes1 LEDs and
coherent light sources. To realize ZnO light emitters, epitax-
ial formation of ultrathin quantum structures must be carried
out. Toward the fabrication of device structures, the growth
of low residual electron concentration, low dislocation den-
sity, low point defect concentration materials is
indispensable2,3 because structural and point defects are the
sources of shallow and deep levels4 and nonradiative recom-
bination centers.2,3 To accomplish the requirements, i a
nearly lattice-matched ScAlMgO4 SCAM substrate, of
which in-plane lattice mismatch to ZnO is 0.09%, was
proposed,5 ii the ZnO high-temperature-annealed self-
buffer layer HITAB was introduced,6 and iii a high-
temperature growth Tg1000 °C with subsequent slow
cooling the cooling rate, Rc=−10 °C/min under minimum
oxygen pressure2,3 was applied for laser-assisted molecular
beam epitaxy L-MBE of ZnO.1 Among these efforts, the
concept of ZnO HITAB on SCAM was to serve as a per-
fectly strain-free, atomically smooth, high crystallinity quasi-
homoepitaxial template for the overlayer growth.6 However,
effectiveness and roles of ZnO HITAB on other lattice-
mismatched substrates or other epitaxy methods have not
been examined.
Sputtering methods can prepare large-area films of well-
controlled compositions economically. However, there are
some essential problems such as resputtering and surface
damaging caused by high energy sputtering particles. To
overcome these issues, the authors have proposed7 the use of
a helicon-wave-excited plasma HWP as a remote plasma
sputtering source. According to the surface-damage-free na-
ture, very smooth, completely a-axis-locked 0001 ZnO and
MgxZn1−xO epilayers
8 have been grown on uniaxially nearly
lattice-matched 0.08% 112̄0 Al2O3 substrates,
9 and the
technique was then named helicon-wave-excited-plasma
sputtering epitaxy HWPSE.
In this article, the effectiveness and roles of HITAB are
discussed for HWPSE of ZnO on 112̄0 Al2O3 substrates.
The increase in the epitaxial island size of the ZnO epilayer
due to the dislocation reduction via lateral mass transport of
low-temperature deposited ZnO during HITAB annealing is
correlated with the observation of free A- and B-exciton
emissions at low temperature.
II. EXPERIMENT
Approximately 1-m-thick ZnO epilayers were grown
by sputtering a polycrystalline of 99.9999% pure ZnO target
Eagle Picher using the HWPSE apparatus.8 The HWP ex-
cited in a remote quartz tube from the 99.9995% pure
Ar/ 99.99995% pure O2 mixture was introduced into the
growth chamber by the weak magnetic field gradient, and the
velocity of Ar cations onto the target was accelerated by the
negative dc target bias Vt applied on back of the target
holder. Typical rf power, Vt, background pressure, and
growth pressure were 750 W, −360 V, 810−6 Pa, and 5
10−2 Pa, respectively. The ZnO epilayers were grown at
900 °C both directly on a 112̄0 Al2O3 substrate and on the
ZnO HITAB prepared on the 112̄0 Al2O3 substrate. After
the growth, the samples were cooled down at Rc=
−10 °C/min in vacuum.2,3 The ZnO HITAB preparation was
initiated with a 30-nm-thick low-temperature nucleation
layer deposition at 200 °C, followed by an annealing in
vacuum at 650 °C for 10 min. Then, a 100-nm-thick ZnO
buffer layer was deposited at temperatures Td between 300
and 600 °C, which was followed by a high-temperature an-
nealing in vacuum at 900 °C for 1 h to prepare HITAB.
Crystallinity of the ZnO epilayers was characterized by a
high resolution x-ray diffraction XRD apparatus equipped
aAuthor to whom correspondence should be addressed. Electronic mail:
chichibulab@yahoo.co.jp
JOURNAL OF APPLIED PHYSICS 102, 073505 2007
0021-8979/2007/1027/073505/4/$23.00 © 2007 American Institute of Physics102, 073505-1
Downloaded 28 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
with a four-crystal monochromator and an analyzer crystal
Bruker D8. Photoluminescence PL was excited by the
325.0 nm line of a cw He–Cd laser at an excitation density of
6 W/cm2. The emission was dispersed by a 67-cm-
focal-length grating monochromator, and phase-sensitive de-
tection was carried out using a GaAs:Cs photomultiplier.
III. RESULT AND DISCUSSION
A. Planalization of HITAB surface
Atomic-force microscope AFM images of an as-
deposited ZnO buffer layer Td=300 °C and ZnO HITABs
Td=300, 450, and 600 °C are shown in Figs. 1a–1d. In
HWPSE of ZnO, the dominant radiative Zn species contrib-
uting to the growth have been assigned to excited neutral
zinc atoms Zn* Ref. 8 that migrate on the surface. There-
fore, even the as-grown buffer layer deposited at as low as
Td=300 °C consisted of approximately 10 nm diameter
nanocrystalline grains and amorphouslike structures, as
shown in Fig. 1a. The grain growth is known to be a ther-
mally activated coarsening process. Accordingly, the grain
size was increased by increasing Td according to the en-
hanced surface migration 100 nm for Td=600 °C, and the
buffer layer eventually exhibited three-dimensional granular
grain structure data not shown. After the annealing at
900 °C, surface morphology of the buffer HITAB layers
was changed drastically, as shown in Figs. 1b–1d. Appar-
ently, the HITAB deposited at 300 °C exhibited the flattest
surface Fig. 1b. Cross-sectional height profiles of the as-
grown and annealed ZnO HITAB deposited at 300 °C are
shown in Figs. 1a and 1b, respectively. The value of root
mean square roughness was decreased from 0.6 to 0.2 nm by
the annealing.
This planarization is explained by lateral mass-transport
phenomena, as follows. Several mechanisms have been pro-
posed for the mass transport, namely, Ostwald ripening, sin-
tering, and cluster migration.10 In the well-known Ostwald
ripening mechanism, large particles are formed due to the
condensation of small particles: the small particles shrink or
even disappear due to the net atomic transport. On the other
hand, sintering is a mechanism involving particles in close
proximity, in which a bridge is formed between the particles
to reduce the total surface energy. Generally, cluster migra-
tion is primarily limited to small particles 5–10 nm.11
Among these mechanisms, Tan et al.10 reported the tempera-
ture threshold of the coaresening process to be around
600–700 °C. The Ostwald ripening was observed in the
temperature range of 600–800 °C and the sintering mecha-
nism needed higher activation energy exceeding 900 °C for
the ZnO films.10 Therefore, the coalescence process for the
current HITAB deposited at 300 °C is considered to be
dominated by sintering and partially the cluster migration,
which gives rise to the formation of very flat surface, as
shown in Fig. 1b.
On the other hand, Ostwald ripening may dominate the
crystallization process of the HITAB deposited at 600 °C
because the surface exhibited hexagonal networks of ZnO
ridges, as shown in Fig. 1d. The ridge formation is consid-
ered to be initiated with three-dimensional grains formed
during the buffer deposition at 600 °C due to the higher
thermal energy. A precursor of the ridges is found for the
HITAB deposited at 450 °C, as shown in Fig. 1c. It should
be noted that there is a pinhole at the dead center of each
hexagon, as shown in Fig. 1d. The pinhole may correspond
to the apex of a threading dislocation TD, which was natu-
rally formed at the uniaxially lattice-mismatched
ZnO/ 112̄0 Al2O3 heterointerface. The pinhole density is
approximately 3.4109 cm−2, which agrees with the TD
density of the ZnO films grown directly on Al2O3, as dis-
cussed later. The pinhole density was doubled when the
HITAB thickness was 200 nm because the in-plane lattice
information could not be transfered by the solid phase epi-
taxy through the thick low-temperature deposited layer.
These results indicate that sintering process due to lateral
mass transport seems to be preferable for preparing flat
HITAB surface, and therefore low-temperature deposition of
an appropriate thickness buffer layer is essential to produce
nanoscale nuclei.
B. Dislocation reduction by the use of HITAB
Both the crystallinity and optical quality of ZnO epilay-
ers grown at 900 °C were improved by the use of HITAB
Td=300 °C. Values of full width at half maximum
FWHM of the symmetric 0002 and asymmetric 101̄2
ZnO diffraction peaks of the x-ray rocking curves  were
864 and 1087 arcsec, respectively, for ZnO on Al2O3. The
values were decreased down to 617 and 691 arcsec, respec-
FIG. 1. Color online AFM images and cross-sectional height profiles of a
as-grown and b annealed HITAB ZnO deposited at Td=300 °C. AFM
images of HITABs deposited at c 450 °C and d 600 °C are also shown.
Outline characters on a colored background in the images are the height
scales.
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tively, for ZnO on HITAB. From these values, the densities
of TDs having screw components NS and edge components
NE can be estimated using the relation
12 NS,E=S,E
2 /
4.36 bS,E2, where S and E are  0002 and 
101̄2, respectively and bS and bE are the lengths of the
Burgers vector of the screw component bS= 0001 and
edge component bE= 112̄0 /3, respectively. By inserting
HITAB, NS was decreased from 1.510
9 to 7.5108 cm−2
and NE was decreased from 6.010
9 to 2.4109 cm−2.
The reduction of TDs is attributed to the dislocation con-
cealing in HITAB layer via the lateral growth and mass
transport sintering, as follows. In the formation process of
HITAB, the ZnO buffer layer is deposited at low temperature
300 °C as fine nanocrystalline structures with some amor-
phouslike regions on the Al2O3 substrate. During tempera-
ture rising and subsequent high-temperature annealing pro-
cesses, ZnO is well crystallized from limited numbers of
nuclei by the process similar to solid phase epitaxy, in which
lateral mass transport and coalescence of grains simulta-
neously proceed. Therefore, the ZnO grains at the HITAB
surface are wider and flatter than those of the ZnO film
grown directly on Al2O3 substrates at 900 °C. Also, some of
TDs generated at the ZnO buffer/Al2O3 interface are cov-
ered and concealed. Conversely, the ZnO films grown di-
rectly on Al2O3 at high temperature contain in-plane misori-
ented nonuniform domains,13–15 resulting in high TD density.
In fact, the surface of the ZnO film grown directly on Al2O3
at 900 °C exhibited partially connected crescent ZnO is-
lands, as shown in Fig. 3a. Since the longer direction cor-
responded to the uniaxially lattice-matched 0001 direction,
the domain growth may be initiated by misfit dislocations
formed at the ZnO/Al2O3 interface. The grain size was in-
creased to approximately 1 m by using HITAB
Td=300 °C, and the top of the islands exhibited a very
smooth surface with 0.26-nm-high monolayer steps, as
shown in Fig. 3b. According to the dislocation reduction
and the island size improvement, the film exhibited Hall mo-
bility of 33 cm2/V s electron concentration n was 1.1
1018 cm−3 at 293 K, which was comparable to the highest
value reported for heteroepitaxial ZnO films prepared by
sputtering methods.16
C. PL spectra of ZnO on HITAB
PL spectra of ZnO on Al2O3 and ZnO on HITAB the
same samples shown in Figs. 2 and 3 measured at 9 K are
shown in Fig. 4a. For comparison, PL spectrum of the bulk
FIG. 2. Color online a symmetric 0002 and b asymmetric 101̄2
-rocking curve profiles of approximately 1-m-thick ZnO epilayers grown
at 900 °C directly on 112̄0 Al2O3 and on HITAB.
FIG. 3. Color online AFM images of the ZnO epilayers grown at 900 °C
a directly on 112̄0 Al2O3 and b on HITAB. Top of the ZnO islands on
HITAB exhibited 0.26-nm-high atomic monolayer steps.
FIG. 4. Color online PL spectra of the ZnO epilayers on HITAB and on
Al2O3 measured a at 9 K and b at 293 K. The x-ray rocking curves and
AFM images of the same samples are shown in Figs. 2 and 3, respectively.
For comparison, PL spectrum of the bulk ZnO single crystal Ref. 17 is
shown using a logarithmic vertical axis. The dotted lines labeled AT, AL,
BT, and BL show the energy positions of transverse and longitudinal A
and B excitons, respectively Ref. 17.
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ZnO single crystal17 is also shown logarithmic vertical
axis. Both the epilayers exhibited a dominant PL peak at
3.364 eV, which has been assigned to the radiative recombi-
nation of excitons bound to a neutral donor18 H Ref. 3.
The PL spectrum of ZnO on HITAB exhibited an additional
peak around 3.377 eV and a broad higher-energy tail be-
tween 3.38 and 3.41 eV. They are assigned as being due to
the recombination of free A- and B-excitons, respectively.
Since the electron concentration was 1.11018 cm−3 and the
layer had remarkable strain inhomogeneity, which was re-
vealed by the 2− XRD measurement, the line shape is
broadened compared to the spectrum of the bulk ZnO. How-
ever, the spectral positions agree well with those of A- and
B-excitonic polaritons.17 PL spectra of the epilayers at 293 K
are dominanted by the near-band-edge NBE emission peak
at 3.30 eV, and negligible deep-level emission band is ob-
served at around 2.0 eV, as shown in Fig. 4b. The FWHM
value of the NBE peak was decreased from 148 to 102 meV
by the use of HITAB. The result reflects the fact that ZnO on
HITAB is more homogeneous in strain and thickness than
ZnO on Al2O3.
IV. SUMMARY
In summary, the superiority of using appropriate thick-
ness, low-temperature deposited HITAB was demonstrated
for HWPSE of ZnO on 112̄0 Al2O3 substrates. The densi-
ties of TDs having both the screw and edge components in
ZnO on HITAB were decreased due to the lateral mass trans-
port of ZnO nanocrystalline grains during high-temperature
annealing. The ZnO epilayers grown by HWPSE on HITAB
eventually exhibited free excitonic emissions at low tempera-
ture.
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